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ABSTRACT
The American University in Cairo

Molecular adaptations of mercuric reductase to
hypersaline environments
By Eman Ramadan
Under the supervision of Prof. Hamza EL Dorry
The Kebrit brine pool is located in the Northern Red Sea along the rift axis of the seafloor
at a depth of 1549 m. It is characterized with high salinity of around 26% and high concentration
of heavy metals including toxic mercury compounds. To survive in such an environment,
microorganisms have evolved and adapted for detoxification of mercury through reduction of Hg2+
to less toxic and volatile Hg0 by the enzyme mercuric reductase. In addition, microbial community
that reside in an environment with such salinity have developed two strategies to adjust their
cytoplasmic pressure to the physiological range through the salt-in and the salt-out approaches. In
the salt-out approach, microorganisms synthesize and accumulate organic solutes in the cytoplasm
to adjust their osmotic pressure to the physiological range, while in the salt-in they maintain a
molar concentration of KCl in their cytoplasm for osmotic balance. In this work, we describe two
metagenome-derived mercuric reductases that evolved independently in the Kebrit environment;
one is strongly inhibited by salt, K035NH, while the second, K09H, is activated in a salt-dependent
manner. K09H’s activity is inhibited by salt levels higher than 2 M salt, but remains near 10 times
more active than its ortholog K35NH at 4 M NaCl, which is most probably sufficient for the
enzyme to sustain detoxification in salt-in microorganisms. Although the Kebrit Brine’s
temperature is 23.4°C, both enzymes were found to be thermostable, retaining more than 80% of
their activity after a 10-min incubation at 60 oC. Structural comparison between both orthologs
iv

shows that the majority of the limited substitutions observed in K09H, relative to K35H, are
located on the surface of the molecule and in regions not involved in formation of the active
homodimer. These amino acids substitutions have prevalence of acidic amino acids and decrease
of hydrophobic contact surface, a characteristic of proteins adapted to function at high
concentration of salt. The structural features and the catalytic activities of both orthologs K35NH
and K09H indicate that they evolved in microorganisms that had adapted for Hg+2 detoxification
utilizing the salt-out and salt-in approaches respectively.
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CHAPTER 1: I NTRODUCTION
I.

Red Sea and Kebrit Deep Brine

The Red sea was formed as a result of the splitting of the Arabian and African
continent tectonic plates 3 to 5 million years ago [2]. The Red Sea Axial rift zone shows a
structural progression in the north 26 ◦N and south 17 ◦N as continental rifting and oceanic
spreading respectively [2, 3]. Consequently, the Red Sea can be divided into regions; each
region represents a consecutive phase of evolution from continental to oceanic plate. It is
bordered by Djibouti, Egypt, Eritrea, Israel, Jordan, Saudi Arabia, Sudan and Yemen (Fig.
1) [4, 5]. From the south, the Red Sea opens on the Gulf of Aden through Bab el Mandeb
strait, and to the Gulfs of Suez and Aqaba from the North [6]. The Red Sea is 2000 km long
and 230 km wide with a surface area of 458,620 Km2 and harboring 3.8% of the world’s
coral reefs [7]. It resembles a closed oceanic basin and is called an ocean in statu nascendi;
as it is wealthy in oceanic lava rock rich in potassium tholeiitic basalt [7]. As Red Sea lies
in an arid region, the water is highly dense and salty due to high mean net evaporation of
2.06 +/− 0.22 m/year and absence of draining rivers or streams into it [7-9]. As a result, its
water is considered as one of the saltiest in the world with an average salinity of 41 ‰ in
comparison with an average salinity of ~35 ‰ for the world's seawater [9].
About 25 highly saline brine pools are located in the central and northern area of the
Red Sea that were discovered during the last 50 years [10-12]. The Red Sea brines arise in
a horizontal manner and are separated from each other by thin interfaces [13, 14]. These
hypersaline ecosystems are considered as one of the most extreme environments, due to
drastic changes in the physicochemical characteristics in comparison to the overlying
1

seawater [15]. These changes include a gradient in temperature up to 68°C, salinity ranging
from 4% to 26%, high heavy metals concentration and extreme hypoxic conditions [2, 16].
As a result of their unique characteristics, Red Sea brine pools such as the Atlantis II Deep
(ATII), Discovery Deep and Kebrit Deep are of particular importance [5].

Figure 1: Kebrit deep and Atlantis II Deep sea brines location.
The figure demonstrates the location of Kebrit deep and Atlantis II Deep along the N-S
axis of the Red Sea. The image was adapted from https://en.wikipedia.org/wiki/Red_Sea

2

a) The Atlantis-II and Discovery Deeps
Atlantis II (ATII) (Fig. 1) and Discovery deeps are located within the active oceanic
rifting in the central Red Sea (21◦ 20.72’north and 38o 04.59 east) at a depth of 2000-220 m
and cover an area of about 60 km2. The bottom layer of ATII, known as the lower convective
layer (LCL) is characterized by the highest temperature (67°C) among all deeps [17], and
salinity of 25.7% [4]. Its temperature has increased by 11.3 °C within the past 32 years
(1965–1997) due to an increase in hydrothermal activity [18]. Above the LCL there are three
thinner layers that have different gradient of temperature and salinity [19]. Discovery Deeps
is located 3 km southwest of ATII deep with a temperature of 45°C and no significant
increase in temperature during the past 32 years [20]. In contrast to ATII Deep, Discovery
Deep shows a homogeneous pattern regarding temperature and Salinity [16, 21]. Within this
unique geological environment, the northern brine pools are the largest and best studied [14].
Isotope investigations have confirmed that these brines are parts of hydrothermal activity
[4].

b) The Kebrit Deep
The Kebrit Deep is located in the northern Red Sea (24°44 north and 36°17′ east)
at a depth of around 1549 m, and was first described by Bäcker and Schoell (1972) after the
Valdivia cruise in 1971 (Fig. 1) [22]. The basin is oval shaped and about 1 by 2.5 km in size;
the brine has a maximum depth of approximately 1,549 m [23, 24]. The brine water’s
interface is at about 1472 m in depth, and within only 3 m to 7 m there are marked increase
in salinity from 4 to 26% (wt/vol), and temperature from 21.6 to 23.4°C (Fig. 2) [25, 26].
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The Kebrit brine is characterized by extreme hypoxic conditions, acidic pH of
approximately 5.5, presence of high CO2 and H2S concentration [4]. The Kebrit brine is
characterized by high H2S concentration (12 - 14 mg of S/liter), evident by the distinctive
strong odor (in Arabic, kebrit means sulfur) [27]. At the brine–seawater interface, sulfur
isotope data supported the presence of sulfate reduction and sulﬁde-forming cycles due to
associated bacterial methane oxidation [4]. The brine is also characterized by heavy metal
deposition due to the interaction of the anoxic brines with the overlying weakly alkaline
Red Sea waters [17, 18]. Many microbiological studies have failed to sustain the
microorganism growth in several tested media which gave the impression that the brines
are too extreme and sterile to maintain any kind of life [4, 28]. Later on Eder et al., 1999
and 2001 discovered that halophilic microorganisms present in Kebrit Deep may are the
cause for hydrocarbons generation due to anaerobic degradation of organic matter [20, 25,
27].
Although comprehensive geological and physicochemical investigations are
available for the Kebrit brine pool [22, 29], and detailed phylogenetic studies have been
performed on the microbial community that resides in this extreme environment [25, 30],
little is known about the molecular mechanisms adapted that support the survival of these
microorganisms in the presence of multiple abiotic stressors. One of the major stress factors
that microorganisms must cope with in Kebrit brine is the extremely high concentration of
salt, which is almost approaches saturation level [22, 29, 31]. Although both brines, ATII
and Kebrit, have high concentrations of heavy metals and high salt concentration, Kebrit
is characterized by remarkably high concentrations of H2S [27].

4

Figure 2: Temperature and Salinity parameters of Kebrit Deep.
Vertical profiles of salinity and temperature along Kebrit Deep. Sampled location
of Kebrit Brine (1490 m) is marked by dotted area.
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II.

Mercury toxicity and Microbial detoxification

A) Mercury toxicity
Mercury is the most toxic heavy metal and abundant element on earth, released as a result
of both natural and anthropogenic activities [32]. Mercury has an atomic mass of 200.59 g/mol
and atomic number of 80. The three forms of mercury that exist naturally are elemental, inorganic
and organic [32], [33]. The elemental form is present in both lower and upper earth crust in a
concentration of 21 ppm and 56 ppm respectively and as a different form of cinnabar [34].
Elemental mercury is liquid at room temperature, and used for gold extraction, whereas inorganic
mercury (Hg2+or Hg+), exists as both mercuric sulﬁde and oxides that are used for coloring in
paints and tattoos [35]. The three forms of mercury are dangerous, but the extent of their toxicity
differs among them, the elemental form is the least toxic and the organic is the most [32]. As the
organic forms can cross the placenta and blood–brain barrier due to their lipid solubility [36]. In
addition to their ability in crossing membranes, they bind to the intracellular thiols rendering the
cellular proteins and enzymes inactive [37]. The inorganic forms show much lower efficiency in
crossing membranes as they are lipid insoluble and need specific protein carriers [38].
Although mercuric compounds are known for their toxicity, they are used in many
industrial, medicinal and domestic processes. According to WHO, mercury concentration in many
countries have exceeded the safe levels in soil and water [39]. Mercury contamination became a
concern for both developed as well as developing countries, due to its toxic effect on humans and
the environment. Human exposure to mercury occurs mainly through contaminated food,
inhalation and to a less extent through skin [40]. The severity of toxicity depends on many factors
as duration of exposure, the form of mercury and the route of exposure [41]. Mercury has a high
affinity for binding to thiolate [42],as both organic and inorganic forms competes and react with
endogenous sulfur containing thiols as glutathione [43]. The consequence of the biochemical
6

binding of mercury to sulfur containing thiols of proteins result in the inhibition of many enzymes
involved in membrane transport and microtubule cell formation [43]. This toxicity involves
biochemical injury to tissues and genes through inactivation of protein synthesis, interrupting
calcium homeostasis, membrane potential and stimulatory neurotransmitters pathways [44]. Also
chronic exposure to mercury causes RNA inhibition resulting in cell growth retardation [33].
Both organic and inorganic mercury have neurotoxic side effects. Although organic
mercury crosses the blood brain barrier, the inorganic form cannot but it exerts its neurotoxic effect
due to the conversion of elemental and inorganic forms into the organic form. Organic mercury
precipitates in the motor area of the brain causing neuronal damage and produces high levels of
reactive oxygen species. Also, it has been reported that mercury causes disturbance in the synthesis
of neurotransmitters Acetylcholine (Ach) and noradrenalin ranging from abnormal behavioral
changes such as aggressiveness, violence and erratic abnormalities to deterioration of vision, and
memory loss. In addition to its neurotoxicity, mercury nephrotoxicity is well documented [32, 45].
B) Microbial detoxification
Sørensen et al., 2002 have proposed three mechanisms for microorganisms’ adaption to
environmental stress: 1) existence of populations that already have genetic traits, 2) induction of
already present enzymes by environmental stress, and 3) evolutionary genetic adaptation [46]. In
the first two mechanisms, there is a sub- population of microbial community that already possesses
the resistant trait. In contrast, the genetic adaptation changes the genetic pool and creates a new
microbial community with new capabilities and broader functional diversity. Due to release of
mercury in high concentration into the environment, many microorganisms especially bacteria
have developed a defense system against these ubiquitous mercurial compounds (HgR) [32]. In
1960, Moore was the first to isolate mercury-resistant penicillin-resistant Staphylococcus aureus
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[47]. In that period, mercury was extensively used as a topical antiseptic in hospitals, which
brought a lot of concern. Afterwards, Richmond et al., 1964 and Novick et al., 1968 have related
both HgR and penicillin resistance in Staphylococcus aureus to mobile genetic elements called
plasmids [48, 49]. Horizontal gene transfer is responsible for the evolution and the adaptation of
microbial communities in mercury-polluted environments. Exchange of mercury resistant genes
between mercury-impacted communities may help rapid alleviation of mercury toxicity. This is
supported by isolation of plasmid DNA carrying mercury resistant genes from bacteria in mercury
polluted environments [50].
According to Barkay et al., 2003 and Schelert et al., 2004, mercury resistance is present
in both bacteria and archaea [50]. In 2010, Huang et al., had declared that the horizontal transfer
of mer operons among Gram-positive and Gram-negative bacteria is mediated by transposons [51].
The metal resistance locus of mercury resistance (mer) operon that is spreading through horizontal
gene transfer has been well documented [52]. The mercury-resistance operon has been located on
Transposon Tn21 as well as chromosomes. Plasmid NR1 (R100, NCBI accessions NC_002134;
gi:9507549) that carries transposon Tn21 was first Isolated from Shigella ﬂexneri in Japan in
1950s as the first multidrug resistance plasmid [53]. Chromosomal mercury (orgnomercurial)
resistance is also located in many isolates as Bacillus species [54]. Tn21 is Tn3-like class II
transposable elements, carries a transposase (tnpA) and resolvase (tnpR) [55, 56]. Within
Transposon Tn21, an independent DNA mobile element called integron is responsible for the
integration of mobile gene cassettes [55].
a)

Mer operon

The mer operon (Fig. 3) of Gram-negative bacteria are more extensively studied in
comparison to Gram-positive bacteria even though both have similar sets of mer genes and similar
arrangement. The mer operon is widely distributed among eubacterial lineages, and has been
8

identiﬁed in several archaeal genomes such as Thermoplasma volcanicum, Sulfolobus solfataricus,
and Halobacterium species [52]. A mosaic nature of mer operon had been proposed as the operon
showed significant structural and organization variation, among different isolates. Most of the mer
operons have a regulatory merR gene that is transcribed and controlled from Operator/Promoter
(O/P) area [57]. The most common genes encoding transport function are merT and merP genes.
In some bacterial operon, another two genes merC and orf F are also involved in transport function
due their homology to merT gene [58]. Schelert et al., 2006 have identified two extra mer genes
merH and merI on either side of merA gene in S. solfataricus mer operon with unknown function
[59]. Also according to Lipthay et al., 2008, bacterial community in mercury contaminated
environments show significant abundance in merA gene and IncP-1 plasmid compared to those in
non-contaminated environment [60]. Plasmid IncP-1 and merA were found to be responsible for
adaptation of microbial community to surface and subsurface mercury-contaminated environments
[57].
i) Regulation
Metalloregulator (merR gene)

MerR is a transcriptional activator-repressors regulatory metal-responsive protein. In the
absence of Hg (II), MerR induces configuration changes in the promoter area by creating a stable
non-transcribing pre-initiation complex with the RNA polymerase. In the presence of Hg (II), it
binds to MerR initiating allosteric modifications in the protein, leading to unwinding of nontranscribing pre-initiation complex and access of RNA polymerase to its promoter [52].
MerD gene

The proposed function of MerD is down-regulation of the mer operon [61]. Deletion of
merD showed continuous expression of the MerA even after volatilization of Hg (II) [61]. MerA
has an oxidase activity similar to other Flavin oxidoreductases; in the absence of its substrate, toxic
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hydrogen peroxide is produced. So it is essential that MerA expression is repressed when its
substrate Hg (II) is worn out [52].
ii) Transport

Many microrganisms, have evolved and succeeded to renders random Hg (II) uptake into
selective high-affinity transport system to avoid the damage of many membranes bound cysteinerich proteins. This transport system consists of: MerP ‘Hg sponge’, a small periplasmic protein
and inner membrane proteins as MerT, MerC ,MerF and MerE [52]. MerG gene was found to be
involved in phenylmercury resistance, most probably by decreasing microbial permeability to
phenylmercury [62].
iii) Enzymes of mercury resistance
Mercuric reductase (MerA)
MerA is similar to class I pyridine nucleotide-disulﬁde oxidoreductases that catalyzes the
reduction of Hg2+ to Hg0. MerA is common in both aerobic and anaerobic environments, located
in the cytoplasm of many eubacteria and catalyzes the conversion of the toxic mercury ions into
its relatively inert elemental form [52, 63]. As mentioned before, the elemental form of mercury is
less toxic as it does not have the ability to form stable complexes with amino acid residues in
proteins as its ionic form. As the primary target of Hg (II) are the intracellular thiols to which binds
tightly rendering the cellular proteins and enzymes inactive; high efficiency of MerA is required
to scavenge and reduce the incoming metal ion before binding to cellular thiols. Accordingly, a
considerable number of researches were directed towards understanding specific features of the
enzyme that is critical for its efficiency. The active form of MerA ( Fig. 4) is a homodimer, each
monomer is composed of two domains: the N-terminal Domain (NmerA) and the active site [64].
MerA active site is formed of four cysteine residues and FAD. Each monomer has a pair of redoxactive cysteine (Cys-136 and Cys-141) buried within the protein, and two cysteine residues (Cys10

558' and Cys-559') are located on the surface near the C terminal domain. The redox-active
cysteines of one monomer are in close proximity to the C-terminal cysteines of the other monomer
, assisting in Hg (II) delivery and binding at the active site [52]. The substrates used in catalysis
are Hg2+ and NADPH. During catalysis, a complex is formed involving two cysteine thiolates and
Hg2+, NADPH undergo a hydride handover with a fixed FAD forming FADH which reduces Hg2+
into Hg0 that is then released from the enzyme as a volatile vapor [64].
According to Miller et al., 1991, there are alternating sites for the catalytic reduction of
Hg(II), and that the two dimmer subunits function in catalysis by reversing roles over time in order
to have optimal activity of the enzyme [65]. In a study by Schultz et al., 1985, in which mutation
of the redox-active cysteines (cys135 and cys140) to serine showed that cys135 and cys140 are
essential for Hg(I1) reduction and orientation of both cysteines relative to FAD [66]. Distefano et
al., 1989, created mutants missing a redox-active disulfide: Cys135 (Ala135Cys140), Cys140
(Cys135Ala140), or both (Ala135Ala140). The first two mutants bind Hg (II) with lower efficiency
whereas the double mutant showed loss of activity compared to the wild-type [67]. In 1989, Moore
et al addressed two hypotheses: first, whether C-terminal cysteines 558, 559 thiols are participating
in Hg (I1) positioning in the MerA active site, and second if the N-terminal cysteine pair ( Cys10
and Cys11) are involved in the intracellular Hg (I1) transport as hypothesized by Brown et al.,
1983. They mutated the N- and C-terminal cysteine pairs at positions 10, 13 and 558, 559,
respectively in order to prove possible roles of these peripheral cysteines in the Hg(I1)
detoxification. They concluded that, the N-terminal cysteine pair is dispensable in contrast to
Ala558Ala559 mutant that showed malfunctioning Hg(I1) resistance in vivo and reduction in vitro
in comparison to wild type MerA [67, 68].
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Finally, to describe the role of the four active site cysteines: mutation of either or both of
the redox-active thiols (cysteine 135 or 140) inhibits the enzyme’s ability to reduce Hg (II) [69];
whereas mutation of either or both of the C-terminal cysteines to alanine disrupts Hg (II)
detoxification pathway in vivo [70].
The N-terminal domain (NmerA) of mercuric reductase (Fig. 4) has a pair of cysteine in a
GMTCXXC sequence motif that is conserved in those soft metal ion trafficking proteins with a
common βαββαβ structural fold [71]. NmerA is tethered to the homodimeric catalytic core by ~30
residue linkers (Fig. 4) [52, 72]. Previous efforts to have structural and functional characterization
of the full-length MerA protein have been opposed by proteolytic cleavage of the ∼30-amino-acid
linker region of the protein [71]. A role for flexibly linked domains have been recognized, as
mobility permits such domains to interact with distal targets while retaining proximity to main
functional domains. Examples of proteins with such flexible linked domains: replication protein
A, DNA repair proteins, cellulosome and kinases [73]. So it has been proposed that the flexibility
of NmerA linker is likely important for acquiring Hg2+ bound to cellular proteins such as
thioredoxin or other mer protein as MerT or MerB while maintaining its proximity to the MerA
core for transferring efficiency [74].
Although a number of similar proteins bind to their metal ion through their cysteine thiols
to hand to a specific partner, the actual function of NmerA has continued to be vague [71]. Despite
this, a significant function for the domain in metal ion binding and transfer is highly suggested due
to the high degree of homology and conservation of the domain among other metal binding
proteins and metallochaperones [71]. In 1983 Brown et al. had proposed a role for the N-terminal
domain of MerA in acquisition of Hg(II) from transport protein(s) due to the presence of the pair
of cysteines [68]. later, it has been proven that neither proteolysis of the first 85 N-terminal amino
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acids by Fox & Walsh, nor site-directed mutagenesis of the N-terminal cysteines to alanines by
Moore et al., have any effect in the catalytic activity of the core [70, 75]. However in 2005 ledweig
et al., have produced constructs to express both the core and NmerA domain of Tn501 MerA as
separate proteins in order to conduct both in vitro and in vivo studies. The in vitro have showed
that NmerA of Tn501 MerA is expressed as a monomeric, soluble, stable protein that forms a 1:1
stoichiometric complex with Hg2+ for efficient delivery to Tn501 MerA core. The in vivo studies
have revealed the importance of the NmerA domain in enhancing cell survival and protection
against Hg+2 only under thiol-depleted conditions [71].
However, it is worth mentioning that in our sampling environment, Kebrit deep is enriched
with H2S (12 - 14 mg of S/liter) [27]. Hydrogen sulphide has been shown to mediate several
physiological effects in eukaryotic cells, including the synthesis of a major small molecular weight
thiol-containing compound as glutathione [76]. As a consequence, it is expected that in such
environment NmerA domain might be dispensable as it enhances cell survival against Hg2+ in the
absences of thiols.
Organomercurial lyases (MerB)
MerB are ~ 200 amino acids in length, small monomeric proteins expressed by the merB
gene [77]. In 1971, Furukawa, K. and Tonomura, K., are the first to describe mercury-resistant soil
Pseudomonas, strain K62, which degraded organomercurial compounds as ethylmercury,
phenylmercury, and methylmercury [78]. Mercury resistant mechanism in nature is either narrow
spectrum or broad spectrum (Fig 3). In narrow spectrum operons, only merA gene exists whereas
in broad spectrum both merB and merA genes are present conferring resistance to both organic as
well as inorganic mercurial compounds by converting them to their volatile forms (Fig 3). As the
solubilized form (Hg2+) is taken by sulfate-reducing and methanogenic bacteria for methylation to
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methylmercury [79]. As mentioned before, methylmercury is extremely soluble in lipids especially
towards lipid-enriched cells (as nervous system) [80]. MerB detoxifies mercury by splitting the CHg bond in organomercurial (such as methane from methyl mercury) liberating a protonated
organic moiety [79]. Begley, Walts & Walsh, 1986a; Begley, Walts & Walsh, 1986b; Pitts &
Summers, 2002; Di Lello et al., 2004; Lafrance-Vanasse et al., 2009 have clarified the structure
of MerB and proved that it does not involve any cofactors and requires two thiols (glutathione or
cysteine) as co-factors for every molecule of organic mercury compound detoxified [81-85].

Figure 3: Schematic presentation of mer operon in narrow (A) and broad spectrum
(B) microorganism.
The mer operon including the regulators (merR), transporters (merP, merC merF and
merT), mercuric reductase (merA) and organomercurial lyase (merB).
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Figure 4: Schematic representation of the homodimer MerA and the cysteines residues
involved in the catalytic activitiy.
(A) The figure demonstrates full-length MerA homodimer with two identical catalytic core of
merA, showing (red and blue): NmerA cysteines (C11 and C14), a pair of cysteines in the catalytic
site of the core (C135 and C140) and the C-terminal cysteines (C5610 and C5620). The yellow
spheres represents the cysteines pairs. (B) Simplified model for the order of transfer of Hg (II) to
the catalytic sites of the MerA core: ﬁrst Hg (II) is bound to the NmerA cysteines (C11 and C14)
and is then delivered to the C-terminal cysteines (C5610 and C5620) of the other monomer.
Finally, Hg (II) is transferred to a pair of cysteines (C135 and C140) in the catalytic site of the core
to be reduced to Hg (0).
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III.

Thermophilic Adaptation

Enzymes formed by thermophiles and hyperthermophiles are known to be resistant to
irreversible inactivation at high temperatures (thermostable) and show optimal activity at high
temperatures, between 60 and 125oC (thermophilic) [86]. Thermophiles are classified according
to their growth temperature as follows: psychrophiles grow best at 5 to 20 oC, mesophiles at 15 to
45 oC, thermophiles at 45 to 80oC and hyperthermophiles at above 80oC [87].These enzymes are
also known as thermozymes or thermoenzymes, whereas mesophiles produced enzymes are known
as mesozymes [87]. Thermozymes show greater biotechnological advantages in comparison to
mesozymes as: heat treatment can be used for purification, higher substrate concentrations can be
tolerated, less vulnerable to microbial contamination and show higher reaction rates than
mesozyme catalyzed reactions. Accordingly, thermozymes attract more industrial interest and are
used as a set model for understanding the physico-chemical rules responsible for protein stability
and folding that can be used for designing more thermostable enzymes for industrial processes
[88].
In addition to structural comparison of thermozymes and mesozymes, site-directed
mutagenesis (SDM) studies have confirmed the absence of a single mechanism that promotes
thermostability of proteins [89, 90]. Factors responsible for thermostability include extra
intermolecular interactions as hydrogen bonds, hydrophobic interactions, electrostatic interactions,
disulfide bonds, metal binding and stability of a-helix, more rigid compact packing and low
entropy of unfolding [86].
A. Interactions contributing to thermostability
a) Amino Acid Composition and Intrinsic Propensity
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Specific amino acid composition of protein has always been correlated to thermostability.
Comparative statistical analysis comparing amino acids compositions in thermophilic and
mesophilic proteins showed specific patterns of Gly to Ala and Lys to Arg substitutions. High
alanine content contribute to thermostability, as alanine is favourable for α-helix formation [91].
However still charged residues show higher percentage in thermozyme (+3.24%) then their
mesozyme orthologues; at the expense of uncharged polar amino acids (- 2.98%; especially Gln, 2.21%) [87]. Thermozymes also contain more hydrophobic and aromatic residues compared to
their mesozymes counterparts. Several studies have demonstrated that Arg residues are more
adapted to high temperature than Lys; as the Arg δ-guanido moiety has high pKa and resonance
stabilization causing decrease in chemical reactivity [92]. At elevated temperatures Arg maintains
net positive charge as its pKa is 1 unit more that of Lys [93]. Also, Asn and Gln were excluded in
thermozymes due to their chemical instability at high temperatures as a result of deamidation [94]..
However, many thermozymes have as many Asn residues, but these residues are located in
conformations that are not liable to deamination [95]. At high temperature cysteine residues are
liable to oxidation which suggests less cysteines in thermozymes compared to their mesozymes
counterparts. In aerobic thermophiles, the cysteines present are involved in speciﬁc stabilizing
interactions as metal liganding and disulﬁde bridges; these cysteines are usually inaccessible to the
solvent [87]. So the distribution of the residues and their interactions in the protein is more
important than amino acid composition.

b) Hydrogen bonds
Hydrogen bonds are formed between and within polypeptide chains as well as with the
surrounding aqueous interface. A single H-bond buried within the molecule results in a Δ Gstab of
0.6 kcal/mol [86]. In 1997, Vogt et al declared that that the number of hydrogen bonds and the
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resulting increased density of hydrogen bonding with the aqueous phase are responsible for
thermostability of proteins [96]
c) Electrostatic forces
Electrostatic forces are formed as a result of: charge–charge, charge–dipole and dipole–
dipole interactions. Salt bridges are formed as a result of oppositely charged residues interactions.
These specific ionic interactions were found to contribute for the thermal stability of proteins [86].
d) Hydrophobic interactions
Hydrophobic interactions are considered as the major factor in setting protein folding and
stabilizing the three-dimensional structures of proteins [97, 98]. Both packing of hydrophobes in
the hydrophobic core and hydrophobicity are major contributors to protein thermostability [99].
e) Disulfide bridge
Disulfide bridges are responsible for minimizing the entropy of the protein’s unfolded state
thus stabilize proteins [100]. This effect had been proved by many mutagenesis studies through
the introduction of disulfide bonds [101].
f) Metal binding
Metal binding has been established to activate and stabilize enzymes. Also it has been
documented that thermophilic and hyperthermophilic enzymes have metal atoms that are absent
in their mesophilic homologs [87, 102].
B. Conformational structure criteria for thermostability
a) More rigid and less flexibl

More rigid and less flexible are the current working hypothesis for thermozyme compared
to their mesozyme homologues. The increased rigidity of thermozymes is important for
stabilizing their catalytically active conformation at elevated temperature and protects the protein
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against unfolding. Enzyme rigidity is established through the stabilization of α-helix,
optimization of electrostatic-interaction and reduction of conformational-strain [87].
b) Higher packing efficiency and fewer cavities

Higher packing efficiency and fewer cavities without compromising catalytic function
was found to enhance thermal stability. According to Russell et al., 1997, compactness can be
reached by shortening one or more loops; removal of unnecessary cavities; increasing the number
of atoms hidden in the core away from the aqueous phase and packing of side chains in the
interior of the molecule [103].
c) Reduction of the entropy of unfolding

Stabilization of protein is carried out by decreasing their entropy of unfolding [86]. One
amino acid that has the highest entropy during the unfolded state and requires more energy during
the folding process is Glycine (Gly). On the other hand proline (Pro) with its pyrolidine ring has
the lowest conformational entropy as it can adopt few configurations. So mutation of Gly to any
amino acid and mutation of any amino acid to Pro should lower entropy during the unfolded state
and stabilize the protein molecule as long as it does not cause unfavorable strains in the protein
configuration [104, 105].
d) α- Helix stabilization

Stabilization of α- Helix can be reached by substituting amino acids with low helical
propensity with residues that have a high helical propensity. Beta branched residue’s (Val, Ile,
Thr) side chain were found to not well accommodate in the α-helix leading to its destabilization
[87]. Stabilization of α-helix dipoles can be achieved by negatively charged residues near their
N-terminal end and positively charged residues near C-terminal end [104].
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C. GC content
It has been reported that high GC content of any nucleic acid enhance thermal stability.
chromosomal DNA of T. thermophiles has 69 % GC content compared to E. coli 50% [106]. Two
homologous E.coli mercuric reductase isoforms were reported to have different GC contents, one
with 46% (genbank Accession, AAU45402.1) and the second with high GC content of 65%
(genbank Accession, WP_000281123).
It is worth mentioning that the origin of the evolutionary genetic adaptation of the mer
system is considered anonymous. So, it has been theorized that it has originated and evolved in
geothermal environments when exposed to natural source of mercury, like other metal resistance
systems [107, 108]. In a previous work by Schelert et al., 2004; Vetriani et al., 2005;
Chatziefthimiou et al., 2007 ; have confirmed that mercury-resistant microorganisms have been
isolated from geothermal environments and merA were amplified from microbial community
isolated in terrestrial hot springs in Yellowstone National Park[108-110]. According to Vetriani
et al., 2005, thermophilicity is a part of an evolutionary genetic adaptation to geothermal
environments, as the optimal temperature for activity of MerA of Tn501 was 55–65oC, which is
20 degree higher than the optimal growth temperature of the mesophilic microorganism Tn501
isolated from [108, 111].
Several MerAs have been characterized: in 1982, Fox and Walsh have characterized
MerA from Pseudomonas aeruginosa which was encoded on a transposon Tn501 with an
optimum temperature for enzyme activity of 55–65 oC [75]. In 1999, Ghosh et al. , characterized
MerA produced from Azotobacter chroococcum SS2 with an optimum temperature for enzyme
activity of 45 oC [112]. Also Zeroual et al., in 2003, found the optimum temperature for enzyme
activity extracted from Klebsiella pneumoniae cells to be 40 oC [113]. Most recently merA from
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ATII-LCL and M. sedula have been characterized with optimum temperature for enzyme activity
of 30–50 oC and >70 oC respectively [1, 114]. In the current study MerA extracted from Kebrit
Deep was found to retain more than 80% of their thermal stability after 10-min incubation at
60oC.

IV.

Halophilic Adaptation

In spite of the fact that large number of enzymes have been used in several
biotechnological and industrial applications, the need for more efficient biocatalysts is great
[115]. Most of the industrial processes are carried out under extreme conditions of pH,
temperature, ionic strength etc., so in response to these demands; extremozymes from
extremophiles were used to meet these requirements [116].
Halophiles are microorganisms that are adapted to survive in environments with extreme
salinity. Halophiles belong to the domains bacteria and archaea. Their intracellular machinery
have been evolved and adapted to function at high salinities [117, 118]. Both bacteria and
archaea, have evolved and adapted different strategies to exist in these extreme environments and
thus are classified into: halotolerant, moderately, borderline and extremely halophilic [119].
Protein folding and stability are completely dependent on the interaction occurring between the
protein macromolecules and the solvent surrounding. Exploring and understanding the molecular
mechanisms responsible for halophilic adaptation offers an understanding of the dynamics
responsible for genomic and proteomic stability under high salt conditions; that can be applied
in protein engineering [120, 121]. Halophilic microorganisms are widely distributed among
bacterial, eukaryotic and archaea kingdoms [119]. However, all microorganisms in hypersaline
environment share an essential feature: their cytoplasm must be isosmotic in comparison to the
external environment. So in order to survive and maintain proper osmotic pressure in their
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cytoplasm, two strategies were adapted: the “salt-in” strategy in which microorganisms
accumulate molar concentration of potassium and chloride. The “salt-in” strategy requires the
adaptation of the cell’s proteins and enzymes to high salt concentration in order to maintain
proper folding and activity. Halophilic proteome is highly acidic and shows low or absence of
activity at low salt concentration due to protein denaturation. Salt out is the second adapted
strategy for haloadaptation in which organic osmotic solutes (osmolytes) were synthesized by
the cells to keep proper osmotic pressure in their cytoplasm. Microorganisms relying on salt out
strategy exclude salts from their cytoplasm by synthesizing organic solutes as betaine, ectoin,
glycine or others. Indeed, the salt-out strategy is the most found in halophilic microorganisms,
despite the fact that biosynthesis of organic osmolytes is energetically costly. In fact, the amount
of energy used to synthesize osmotic solutes were critically found interfering in the biosynthesis
of the cell’s requirements [31].
The proteome of microrganisms adapting the salt out mechanism have shown marked
instability in high salt concentration [122, 123]. Whereas halophilic proteins from “salt-in”
organisms have shown significant instability in low salt concentration compared to their nonhalophilic homologous proteins. Hypersaline condition causes protein instability and
aggregation, as it decrease the availability of water molecules and affects electrostatic
interactions between protein residues [124]. Several studies have shown that halophilic protein
are dependent on the presence of salts for both stability and activity as they bind significant
amounts of salt and water due to the presence of acidic amino acids on their surface [125]. A Key
determinant of halo-adaptation is the electrostatic interactions that cause stability and proper
folding of proteins [126]. In high salt concentration, the side chains of hydrophobic residues of
newly synthesized proteins form non-specific inter- or intramolecular interactions which lead to
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proper intramolecular burial within the correct conformation. So in order to decrease that risk,
all soluble halophilic proteins have a lower number of hydrophobic residues [127].
It has long been recognized that the amino acids makeup of halophilic proteins have high
abundance of aspartic and glutamic acids compared to their non-halophilic homologues. A
comparative study for ribosomal proteins sequences revealed a pattern of low abundance for
hydrophobic amino acids and a higher occurrence of border line hydrophobic amino acids
(threonine and serine) in halophilic proteins compared to their non-halophilic counterpart [128].
Abundance of acidic residues stabilize halophilic proteins at 0.5–1 M, whereas packing of nonpolar partially hydrophobic groups is influenced by higher salt concentration [129].
Enzymes from halophilic microorganisms require high salt concentration for both
stability and activity [130]. According to Paul et al. , 2008, halophile proteins favors Asp, Glu,
Thr and Val at the expense of Lys, Leu, Ile, Met, and Cys [121]. Three-dimensional structure
analysis of halophilic proteins have showed an abundance of acidic residues with their
distribution on the protein surface when compared to their non-halophilic homologues. Based on
the previous study, frequency and distribution of acidic residues have contributed to the
adaptation and stability of proteins in saline and hypersaline environments [131]. In these
environments, acidic residues are preferred as they have high capacity to interact with water
molecules, also at physiologic pH electrostatic interactions forms. Salts affect protein solubility
by creating a salting-in region at low concentration of salt and a salting-out region at high salt
concentration. A favorable electrostatic interactions occur between salt ions and protein charge
in the salting-in region. The salting-out behavior is a result of unfavorable interactions between
salt ions and protein at high salt concentration. So proteins with negative charges have a saltingin behavior due to the interaction of the divalent cations with protein surface at high salt
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concentration [119, 132, 133]. Halophilic archaea have evolved by increasing intracellular
strength equal to that surrounding the cells; by increasing acidic amino acids on the protein
surface, electrostatic interactions and increased number of salt bridges [119].
Malate dehydrogenase and ferredoxin 2Fe-2S from a halophilic archaeon Haloarcula
marismortui are two proteins that were thoroughly investigated regarding their stability at high
salt concentrations. Comparing Haloarcula marismortui ferredoxin with non-halophilic
Anabaena ferredoxin revealed the presence of 15 acidic residues in the N-terminal domain and
large numbers of acidic residues located throughout the rest of the sequence of Haloarcula
marismortui ferredoxin. Also in halophilic malate dehydrogenase, the acidic residues are found
on the protein surface [134]. These results established modelling studies in which halophilic
proteins structures are aligned with the three dimensional structures of their non-halophilic
homologues [119, 126]. As the three dimensional structure allowed the discovery of subtle
variations in the surface and the hydrophobic core of halophilic proteins especially at the level
of conserved hydrophobic contacts [135].
Increased helix structure causes an increase in overall packing that causes more rigidity
to proteins; so reduction in helix formation is a strategy of halophile proteins to promote protein
flexibility and hence activity [121]. In 2004, Radivojac et al., categorized native protein into four
groups according to their flexibility, they found that those having the highest halophilicity are
those with more flexibility, ordered structure and higher number of negatively charged residues
especially Aspartic. As Asp is known as an alpha-helix breaker in contrast to Glu which is
favorable for alpha-helix formation. That justifies the higher frequency of Asp over Glu in
halophile proteins [136].
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We recently characterized a metagenome derived MerA from the lower convective layer
(LCL) of ATII brine pool [1]. The ATII MerA is activated by NaCl and exhibits maximum
activity at 4 M salt, indicating that it has evolved to mediate detoxification of mercury in a saltin bacterium. In comparison with the ATII MerA, an ortholog from a soil bacterium was found
to be inhibited by high salt, although the two enzymes differed in sequence by less than 10%.
The limited number of structural substitutions observed in ATII MerA, which must account for
its notable activation and catalytic stability in nearly saturated NaCl solutions, makes it an
excellent model with which to study the evolution and adaptation of enzymes to hypersaline
environments.
In this work, we set out to explore the range of MerA types found in the hypersaline and
mercury rich environment of the Kebrit brine pool, focusing in particular on the selective impacts
of the two osmotic balancing mechanisms. To do so, we have established a PCR-based MerA
metagenomic library, using environmental DNA isolated from the microbial community found
at this site and MerA specific oligonucleotides as primers. Pairwise comparisons of 27 of the 28
MerA sequences analyzed detected very limited numbers of differences, ranging from one to five
amino acid substitutions, among them. One of these sequences is identical to that of the canonical
Tn501 type and was named K35NH MerA. The remaining sequence, K09H MerA, was found to
differ from K35NH at no less than 38 positions. Furthermore, while K35NH was found to be
strongly inhibited by NaCl, K09H was activated by salt reaching maximum activity at 2 M NaCl.
K09H’s activity is inhibited by salt levels higher than 2 M salt, but remains near 10 times more
active than its ortholog K35NH at 4 M NaCl, which is most probably sufficient for the enzyme
to sustain detoxification in salt-in microorganisms. Interestingly, the amino acid substitutions in
the K09H MerA were distinctly different in identity and position from those in its ATII-LCL
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ortholog from the Atlantis II brine pool [1]. However, both orthologs have the signature typical
of halophilic proteins in general a greater proportion of acidic amino acids and relatively fewer
hydrophobic side chains [121, 134]. Moreover, the predicted 3D structure of K09H reveals that
the relevant amino acid substitutions for potential halophilicity extend along the outer surface of
the enzyme and are located in regions that are not involved in the dimerization of MerA. The
results shed light on the distinct molecular adaptations that have evolved to permit detoxification
of mercury in organisms that exploit different osmotic balancing systems in their hypersaline
environments.
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CHAPTER 2: EXPERIMENTAL
PROCEDURES
I)

Collection of Water Samples and Isolation of Environmental DNA from
the Kebrit brine pool
The samples were collected during King Abdullah University for Sciences and Technology

(KAUST; Thuwal, Kingdom of Saudi Arabia), Woods Hole Oceanographic Institute (WHOI;
Woods Hole, MA) and the Hellenic Center for Marine Research (HCMR; Anavisso, Greece) Red
Sea R/V Aegaeo expedition in March/April 2010. 120 liters of water were collected from Kebrit
brine (1490 m below the surface) at 24°43 ′ N and 36°17 ′ E. About ten shipboard Niskin bottles
connected to CTDs (conductivity, temperature, and depth sensors) were used for Kebrit brine water
sample collection. Sequential microbial size fractionation into individual samples using three
Millipore 293 mm stainless steel sanitary filter that serially have cellulose filters with pore sizes
of 3 µm, 0.8 µm and 0.1 µm, only the last of which was further processed and analyzed. Following
fractionation the filters were stored in sucrose lysis buffer and stored in – 20 °C until delivery to
the laboratory at the American University in Cairo, where they were stored in a – 80 °C freezer.

II)

DNA extraction, pyrosequencing, and construction of Kebrit-Deep
merA gene library.

For genomic DNA isolation, the 0.1 µm filter was cut into small pieces under sterile
conditions and incubated in TE buffer (50 mM EDTA + 10 mM Tris) and 2.5 mg/ml lysozyme for
2 h at 37◦C. Followed by addition of proteinase K (200 μ g/ml) and 1% SDS to the ﬁlter pieces
and incubated overnight at 55◦C. The Metagenomic DNA Isolation Kit (EPICENTRE
Biotechnologies, Madison, WI, USA) was used for DNA isolation. Isolated DNA was quantified
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using NanoDrop 3300 Fluorospectrometer (Thermo Scientific, USA) and a Quant-iT™ PicoGreen
®, KB-D.
The gene library was established by amplification of sequences encoding MerA enzymes,
using a pair of merA-specific oligonucleotides as primers and environmental DNA Kebrit as the
template. The merA primers were designed on the basis of two publicly available MerA sequences
obtained from an uncultured soil bacterium and the transposon Tn501 respectively [137, 138].
Alignment of these merA sequences shows that their 5’ and 3’ ends have identical nucleotide
sequences. In addition, the primer sequences were identical to the corresponding parts of the
consensus sequence of the assembled ATII-LCL merA reads generated from a ATII-LCL
metagenomic dataset based on 454 pyrosequencing [1]. The merA-specific oligonucleotides used
here have the following sequences:
Forward primer: ATGACCCATCTAAAAATCACCGGCATGACTTG‘3;
Reverse primer: 3’GAAGCAGCTTTCCTGCTGCGCCGGGTGA (see Fig. 5A).
PCR reactions using Phusion High-Fidelity DNA Polymerase (New England Biolabs).
Approximately 50 ng of genomic Kebrit-Deep DNA was used. The PCR reaction mix consisted
of 2ul of KB-deep genomic DNA, merA-F and merA-R primers (0.5 uM final concentration), 5ul
5X HF buffer, dNTP (200uM final concentration), Phusion DNA polymerase (1U/50ul reaction)
and

water

in

a

total

volume

of

50ul.

Expected

amplicon

size

was

1.7

Kb.

PCR was performed for 25 cycles of 95oC for 30 s (denaturation), 30s at 68oC (annealing)
and 72o C

for 90 s (extension), followed by a final extension for 7 min at 72 o C. The

total PCR reaction volume was loaded onto 1.2% agarose gel; the gel was electrophoresed and
stained with ethidium bromide. A merA band of approximately 1.7 Kb of correct size were
observed, the band was excised and purified with QIAEX II Gel Extraction Kit (Qiagen). The gel-
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extracted PCR product, is treated by adding A’ overhangs to the blunt PCR product for TA cloning
into the pGEM®-T Easy Vector (Promega, Madison, WI, USA) according to the manufacturer’s
instructions and transformed into competent TOP10 E. coli. From the transformed cells, about 28
randomly selected cells were grown on LB media. Plasmid DNA extraction was carried out using
Qiaprep Spin Miniprep Kit (Qiagen). The insert is then sequenced in both directions using Sanger
dideoxy method.

III)

Primary structure analysis

The STRAP editor for proteins alignment was used for MerA sequences alignment [139].
HMM Scan was performed against the Pfam-A database (version 27.0) [140] on the HMMER
webserver [141] in order to identify the pyridine nucleotide disulfide oxidoreductase dimerization
domain (P -code PF02852.17) of MerA.

IV)

Expression and purification of recombinant MerA enzymes

The coding sequences of the selected merA genes were subcloned into expression vector
Champion™ pET SUMO (Invitrogen, USA). Preculture of transformed E. coli BL21(DE3) were
diluted 50X in LB medium having 50 μg/ml kanamycin and 20 µM FAD at 37◦C till OD600 of
0.4-0.6 is reached. Induction of the recombinant enzyme is done by isopropyl-β-D-thio-galactoside
(IPTG; final concentration 0.5 mM) for 3 hrs at 37◦C. The cells were centrifuged at 13,000 rpm at
4◦C for 30min. Then lysed by multiple freeze-thaw, using liquid nitrogen and shaking water bath
at 24◦C. The cell paste is resuspended in lysis buffer (final concentration of: 20mM sodium
phosphate buffer, 2mM β-mercaptoethanol, 0.5mM EDTA, 0.1-0.2 mg/ml lysozyme, 20uM FAD,
1mM PMSF), then incubated at room temp for 30 min. 1% v/v Triton X and 40uM immidazole
were added. The sample is subjected to lysis by sonication for 6×30 sec. cycles on ice, followed
by centrifugation at 14,000g for 30 min at 4 oC to remove the cellular debris. ÄKTA explorer 100
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(with UNICORN version 4.0, Pump P-950 and Frac-950) adjusted at wavelengths 450 nm and 280
nm was used in the purification process of the recombinant Mer-A proteins. The supernatant is
filtered and applied to a pre-equilibrated His-Trap column (Amersham Biosciences) with binding
buffer (20 mM sodium phosphate, 0.5 M NaCl, 40 mM imidazole, pH 7.4). The protein was eluted
from the His-Trap column using 500 mM imidazole column. Eluted yellowish fractions, each
500ul, containing the MerA activity were pooled, for further purification.
The Protein was further purified by size exclusion chromatography that was performed on
an AKTA Purifier instrument. A total of 1.5 ml collected from the HisTrap purification step, was
injected into 24 ml Superdex 75 10/30 column equilibrated with 2-column volumes (50 ml) sodium
phosphate buffer. The purification process was monitored by absorption of the effluents of the
column using the AKTA detector system adjusted at wavelengths 450 nm and 280 nm
simultaneously. Fractions, 500 ul, were collected stored at -80 oC until further use. BCA Protein
Assay kit (Thermo Scientific) was used to determine the protein concentration. Protein purity was
confirmed by electrophoresis on 12% SDS-polyacrylamide gels.

V)

Mercuric reductase assay
Mercuric reductase assays were performed at 25oC in 80 mM sodium phosphate buffer pH

7.4, containing 100 µM NADPH, 50 µM HgCl2 and 1 mM β-mercaptoethanol in a final volume of
1 ml. The reaction starts by adding NADPH. Shimadzu UV-1800 spectrophotometer at 340 nm
was used to record the initial rate of NADPH oxidation. One unit of mercuric reductase activity
was deﬁned as the amount of enzyme protein in milligrams that oxidized one micromole of
NADPH per minute in the presence of HgCl2.
Effect of NaCl :. Under standard conditions, enzymatic activities were assayed in reaction
mixtures having the indicated concentrations of NaCl2. Experiments were made in triplicate and
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the results are the average and standard deviation (H. J. Motulsky, GraphPad Statistics
Guide. Accessed June 2016). http://www.graphpad.com/guides/prism/7/statistics/index.htm
Heat stability study: Enzyme were assayed under standard conditions by incubating at the
specified temperature for 10 min and the residual enzymatic activities were recorded. Results are
mapped relative to the activity recorded at 25 o C. Experiments were made in triplicate and the
results are the average and standard deviation H. J. Motulsky, GraphPad Statistics Guide. Accessed
June 2016. http://www.graphpad.com/guides/prism/7/statistics/index.htm.

VI)

Phylogenetic analysis of the Kebrit-Deep merA sequence

Maximum-likelihood tree of Kebrit-Deep merA, showing the phylogenetic relationship of
complete MerA protein sequences among mercury-resistant bacteria. The sequences were obtained
from BLASTP [142] search of GenBank in July 2016 , out of the first 40 sequences about 21 non
redundant sequences were selected and MerA from Atlantis II LCL is added, choosing eukaryotic
MerA of Arabidopsis thaliana as an out group. Multiple sequence alignment was done using
Muscle [136] with default parameter values. The resulting output file was used as input for PhyML
3.0 [143] using default parameter values (among them the LG model) and 100 replicates for
bootstrap

support

values.

The

tree

was

visualized

and

drawn

in

FIGTree

http://tree.bio.ed.ac.uk/software/figtree/

VII) Modeling the three dimension structure of K09H MerA
MerA K09’s three-dimensional structure was predicted using SWISSMODE homology
modeling [144, 145] against the N-terminal and C-terminal domains (Protein Data Bank code 2kt2
and 1zk7 respectively) [146] [147] of the Tn501 mercuric reductase (accession number:
CAA77323). For identification of the surface residues a plug-in script "find Surface Residues.py"
(https://github.com/Pymol--Scripts/Pymol-script repo/blob/master/findSurfaceResidues.py) in
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PyMOL (PyMOL Molecular Graphics System, Vers ion 1.7.2.1 Schrödinger, LLC) was used.
Targeting of the active site residues, amino acid substitutions, forming the final 3D structural
models and surface images were done by PyMOL.
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CHAPTER 3: RESULTS AND DISCUSSION
The microbial communities residing in Kebrit brine deep must survive both the high salt
concentration and the presence of high concentration of heavy metals. Therefore, they are expected
to: a) adapt one of the two known mechanisms in order to keep their cytoplasmic osmotic pressure
in balance with the surrounding hypersaline medium [122], and b) have an efficient system for
mercury detoxification. So MerA enzymes in the Kebrit Deep are expected to have both specific
structure and properties that reflect the adapted osmotic pressure regulation salt-in or salt-out used
by their respective hosts. In addition, detailed information on the range of structural variation
between different MerA enzymes from the microbial community in this environment may also
shed light on the evolution of proteins adapted to each of the two osmotic balancing systems. To
address these questions, we chose to characterize the sequences and properties of a representative
set of metagenome derived MerA isoforms generated from environmental DNA obtained at Kebrit
Deep.

I)

Cloning of MerA genes from Kebrit Deep
Amplification of the different MerA isoforms from Kebrit environmental DNA is described

in the Experimental Procedures. The MerA primers were designed on the basis of two publicly
available MerA sequences obtained from an uncultured soil bacterium and the transposon Tn501
respectively [137, 138]. Alignment of these MerA sequences shows that their 5’ and 3’ ends have
identical nucleotide sequences. In addition, the primer sequences were identical to the
corresponding parts of the consensus sequence of the assembled ATII-LCL MerA reads generated
from a ATII-LCL metagenomic dataset based on 454 pyrosequencing [1] (Fig. 5A). The product
of the amplification process shows a single band of the expected size (1.6 kb) required to encode
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full length MerA enzymes (Fig. 5B)The amplified DNA fragment was ligated into TOPO TA
cloning vector (Invitrogen), cloned, and a library of Kebrit environmental MerA genes was
established.

Figure 5: Designing a pair of oligonucleotides for MerA genes amplification.
Alignment of merA sequences from Tn 501 [23] and an unidentified soil bacterium
(GenBank Accession No. CAA77323.1) [22] revealed identical sequences at the 5’ and 3’
ends of the two genes (consensus sequences).The merA oligonucleotides used in the
amplification process are shown on the top (MerA-F) and bottom (MerA-R) of the Figure
in red letters. The ATG start codon and the TGA termination codon are highlighted in
green. (B) Characterization of the products of amplification with the primers shown in A
and environmental DNA from Kebrit Deep as template.
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II)

Isoforms of MerA present in the microbial community at Kebrit Deep
We randomly selected 28 recombinant clones from the Kebrit environmental MerA gene

library and sequenced the DNA inserts, from both directions, using the Sanger chain termination
technique. The nucleotide sequences of the 28 clones are presented in Fig. 6. Analysis of the
sequenced isoforms shows clear structural differences between most of them. Pairwise
comparisons of the 28 amino acid sequences show that the 27 isoforms have displayed limited
amounts of variation, involving a maximum of five residues (shown in red in Fig. 6). Isoform K35
was found to be identical in sequence to the well characterized MerA enzyme encoded by the mer
operon on the Tn501 transposon [68], and showed the greatest similarity to 26 of the sequences
recovered from Kebrit Deep. This isoform was chosen as the standard for comparisons and was
named K35NH. The only sequence that shows more substantial sequence divergence from K35NH
was isoform K09. This enzyme has 38 amino acid substitutions (relative to K35NH) and was
named K09H (Fig. 6).
It is pertinent to note that only two of the 28 sequenced MerA isoforms, K24 and K42,
were found to have identical amino acid sequences, differing in two positions from K35NH with
arginine 14 in place of cysteine and serine 209 in place of glycine. However, within the 27 isoforms
represented in the set, 59 amino acid substitutions were identified, which are distributed along the
entire length of the coding sequence (Fig. 6). Some of these substitutions recur in different
isoforms. This result indicates the range of diversity within the major MerA isoforms recovered
from Kebrit Deep.
The functional mercuric reductase enzyme is a homodimer, in which each monomer has a
catalytic pair of redox active cysteines, Cys136/Cys141, located in the active site where reduction
of the metal ion takes place [33, 34]. A second disulfide link, Cys558/Cys559, near the C-terminus
of each subunit, transfers Hg2+ to the active site of the opposite monomer [70, 148]. The enzyme
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also has additional pair of cysteines, Cys11/Cys14, which is part of the conserved metal-binding
GMTCXXC sequence located in the N-terminal domain (NmerA) [70]. Although the NmerA
cysteines have been shown to be dispensable for normal detoxification in vivo [70], they are
obligatory when intracellular thiols are depleted, this pair serves to transfer Hg2+ from ligands in
the cytoplasm to the catalytic site [71].
Strikingly, in the proteins encoded by 17% of the clones examined (isoforms K02, K24/42,
K27 and K34), Cys14 is replaced by arginine (Fig 6). This strongly suggests that the bacterial
populations that harbor these isoforms are able to reduce Hg2+ and proceed with the detoxification
process only under conditions in which thiols are available in the cell. In this regard, it is worth
noting that the Kebrit brine environment is characterized by a high concentration of H2S [149].
Hydrogen sulphide has been shown to mediate several physiological effects in eukaryotic cells
[150, 151], including the promotion of glutathione production [76]. Mercury’s favorite ligand is
sulfur compounds, especially glutathione, which interact with mercury for subsequent
detoxification by MerA. This suggests that intracellular thiols are likely to be abundant in Kebrit’s
microorganisms. This in turn would explain why there might be less selective pressure to retain
the Cys11/Cys14 pair within the NmerA domain which is necessary for detoxification under
glutathione-depleted conditions [71] in the Kebrit environment. Conversely, environments in
which intracellular thiols are limited should select for MerA molecules with a functional metal
binding motif in the NmerA domain, to enable delivery of Hg2+ to the active site. This observation
is supported by our finding that all of 40 clones randomly selected from a PCR based MerA
metagenome library established for the microbial community in the Atlantis II brine pool encode
the functional Cys11/Cys14 pair in the NmerA domain.
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Another substitution that would be expected to affect the activity of the enzyme is observed
in K07, in which cysteine 558 is substituted by tyrosine (Fig 6). As mentioned above, the pair of
Cys558/Cys559 binds and transfers Hg2+ to the active site, and its substitution by alanine resulted
in a MerA enzyme that is defective for HgCl2 resistance in vivo and reduction of Hg2+ in vitro
[148]. Hence, the K07 isoform is most probably inactive and unable to detoxify Hg2+.
It is important to note that the average Phred base specific quality score for the total set of
DNA sequences was 16, and 95% of the bases scored >20, indicating that the sequences obtained
were all of high quality. In addition, we used Phusion High Fidelity DNA Polymerase, whose error
frequencies typically lie in the range of 10-6 mutations/bp amplified [38]. Therefore, we believe
that the amino acid substitutions observed in the 28 sequences are most probably genuine and
hence accurately represent the different MerA isoforms in the bacterial community of the Kebrit
brine pool environment.
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Figure 6: Multiple sequence alignment of non-redundant MerA clones. of Kebrit Deep.
Multiple sequence alignment of 28 non redundant sequences obtained from randomly selected
clones from the Kebrit environmental metagenome MerA gene library. All MerA sequences are
compared to K35NH. Dots refere to amino acids that are identical with K35NH, while those
highlighted in red difere from K35NH. The 28 nucleotide sequences of the merA isoforms are also
presented in a bigger in appendix 1.
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III)

Phylogenetic analysis of the Kebrit Brine merA sequence
A maximum-likelihood phylogenetic tree is shown in Figure 7, including sequences most

similar (retrieved from GenBank using BLAST) (Table 1) to K09H merA sequence, shows that
K09H sequence groups with that from. Acidovorax sp. GW101-3H11 (GenBank Accession
No.WP_063459341.1) and K35NH groups with Pseudomonas sp. TJI-51 (GenBank Accession
No. WP_047149680.1). Most of the sequences are assigned to an identified species in this tree are
from β-Proteobacteria, with only a few from γ-Proteobacteria. This result suggests that K09NH
MerA sequence, derive fom β-Proteobacteria whereas K35NH derive from γ-Proteobacteria
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Figure 7: Maximum-likelihood tree including the sequences most similar to the K09H merA
sequence.
Table 1 lists the identifiers of sequences used to compute the tree. The phylogenetic analysis was
done as follows. The K09H MerA sequence was used as query in a BLASTP [152] search of
GenBank on July 6, 2016. Of the 40 most similar sequences, we selected 21, removing redundant
sequences. Sequences from Arabidopsis thaliana was chosen as outgroups.The set of 21 sequences
was aligned using Muscle [136] with default parameter values. The resulting multiple alignment
was used as input for PhyML [143] 3.0 , which was run with default parameter values (among
them the LG model) and 100 replicates for bootstrap support values. The tree was drawn in the
FIGTree site using http://tree.bio.ed.ac.uk/software/figtree/.
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Table 1: GenBank organism descriptions and sequence identifiers for sequences
used to build the phylogenetic tree
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IV)

Structural differences between K35NH and K09H MerA orthologs
The clear distinction between the amino acid sequences of K09H and the K35NH like

isoforms strongly suggests that the two isofrorms differ in their catalytic properties, particularly
with regard to their responses to salt concentration. Figure 8 shows the sequence alignment of
MerA K09H with its K35NH orthologs. Both isoforms are 560 amino acids long, have the three
cysteine disulfide pairs involved in the binding of Hg2+ (at the C terminus and in the NmerA
domain) and its reduction at the catalytic site. The two polypeptide chains are 93% identical. All
38 amino acid substitutions observed in K09H (relative to K35NH) are located in the N-terminal
half of the polypeptide chain, specifically within the first 303

amino acids (Fig. 8).

The differences can be summarized as follows: relative to K35NH, K09H shows an overall gain
of three serine and two aspartic acid residues, and one each of glutamic acid, threonine, cysteine,
glutamine, methionine, isoleucine, leucine, and histidine. Conversely, it has lost three alanines
and prolines, two each of valine, asparagine, and lysine, and one arginine (Fig. 9A). Accrording
to the amino acid functional classification between K09H and its orthologs K35NH, K09H showed
an abundance in acidic and polar uncharged residues at the expence of hydrophobic amino acids
(Fig. 9B). A feature adapted by halophilic proteins, so to detrmine wheather these orthiologs will
respond differently to salt, we expressed and determined their activities in response to different
salt concentration.
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Figure 8: Alignment of the sequences of the MerA enzymes K35NH, K09H and ATII-LCL
The amino acid sequence of the K35NH is shown at the top of the figure. Amino acid positions in
K09H and TII-LCL that differ from their counterparts in K35NH are highlighted in red and green
respectively. Dots refer to residues that are dentical to those in K35NH. Cysteine pairs in the
NmerA domain (Cys11/Cys14) and near the C-terminus (Cys558/Cys559) that are involved in
binding of Hg2+, and the pair of cysteines required for the reduction of Hg2+ (Cys136/Cys141) are
highlighted in yellow [33, 34]. The NmerA domain, the dimerization domain, and β-strand
structures present in the dimerization domain are underlined in red and black, and over lined in
blue respectively. The boxed amino acids between the NmerA domain and the catalytic domain
(amino acids 70 to 95) are not included in the 3D structures presented in Figure 18.

44

Figure 9: Profile of gains and losses, and functional classification of amino acid in K09H
relative to K35NH.
A) Number of amino acids gained (green) and lost (red) in K09H relative to K35NH. B) Profiles
of gain, loss, and net change in functional classification of amino acids in K09H relative to
K35NH.
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V)

Expression and purification of K35NH and K09H
The coding sequences for K35NH and K09H were cloned into the PET-SUMO expression

vector (Invitrogen). MerA proteins were induced and expressed in E. coli (Fig. 10). The
recombinant enzymes were purified using His-Trap affinity chromatography, performed on an
AKTA Purifier instrument (Fig. 11, 12). Further purification of MerA proteins was performed on
Superdex 75 size exclusion chromatography using AKTA Purifier machine. The profile of elution
of the recombinant MerA is presented in Figure13. Details of the induction and purification process
are described under Experimental Procedures. Analysis of the purified enzymes by SDS-PAGE
are presented in Fig 14.
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Figure 10: SDS-PAGE (12%) electrophoresis analysis for induction of K35NH and K09H
MerA protein.
MerA pET SUMO recombinant BL21 (DE3) E coli were grown to mid-log phase. IPTG (0.5mM)
were used for K09H and K35NH MerA proteins induction for 3hrs at 37 °C. Same number of cell
aliquots of un-induced and IPTG induced were used for SDS-PAGE (12%) electrophoresis. Refer
to methods section for details. The following volume was used for each fraction: K35NH: uninduced, 2 l; induced, 2 l; K09H: un-induced, 2 l; induced, 2 l.
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Figure 11: Purification of recombinant K09H MerA using His-Trap affinity
chromatography.
His-Trap affinity chromatography purification of recombinant K09H MerA was performed on an
AKTA Purifier machine. 10 ml of IPTG induced recombinant MerA E. coli lysate (Fig. 10) was
injected in 1 ml His-Trap column equilibrated with binding buffer (20 mM sodium phosphate, 40
mM imidazole, 0.5 M NaCl, pH 7.4). After washing the column with 15 ml of binding buffer, the
protein was eluted with 500 mM imidazole buffer, pH 7.4. The eluted yellow fractions, each 250
l, were pooled as indicated in the Experimental section (total volume 1.5 ml). The purification
process was monitored by absorption of the effluents of the column using the AKTA detector
system adjusted at wavelengths 450 nm–to monitor FAD absorption–and 280 nm–to monitor
protein absorption–simultaneously. The K35NH MerA elution profile was similar to K09H MerA.
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Figure 12: SDS-PAGE analysis of the purification of K09H and K35NH MerA enzymes using
His-Trap affinity chromatography.
Aliquots of 2 ul, were withdrawn from the lysate, flow-through, and the eluted fractions and
analyzed on 10% SDS-PAGE as detailed in the experimental section. Fractions 1to 4 for K35NH
and 1 to 3 for K09H (each is 1.5 ml) were pooled and further purified on Superdex 75.
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Figure 13: Purification of K09H MerA on Superdex 75 size exclusion chromatography.
Pooled fractions from the His-Trap affinity column, 1.5 ml, was uploaded into 24 ml Superdex 75
column equilibrated with sodium phosphate buffer, pH 7.4. The eluted yellow fractions of the first
peak were collected and analyzed on SDS-PAGE (see Fig 14). The purification process was
monitored by absorption of the effluents of the column using the AKTA detector system adjusted
at wavelengths 450 nm–to monitor FAD absorption and 280 nm to monitor protein absorption
simultaneously. The K35NH MerA elution profile was similar to K09H MerA.
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Figure 14: SDS-PAGE (12%) of Superdex 75 purified K09H and K35NH Mer-A.
Aliquots, 2ul, from each fractions collected from Superdex 75 chromatography were
analyzed on SDS-PAGE (12%) as indicated.
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VI)

Effects of high salt on the activities of MerA K09H and its ortholog K35NH.
To examine if and how the amino acid differences between K09H and K35NH affect their

response to different concentration of NaCl, we measured the activities of the purified enzymes at
different concentrations of NaCl. Figure 15 shows the catalytic properties of both isoforms in
response to increasing concentration of salt. K35NH is strongly inhibited by NaCl, retaining 36%
and 13.7% of its maximum activity (in the absence of NaCl) at salt concentrations of 2.0 M and
4.0 M respectively. In contrast, the K09H ortholog is activated by NaCl, reaching its maximum
activity at 2.0 M NaCl an increase of 1.8 fold relative to its activity in the absence of NaCl. Thus,
K09H is at least 5.8 fold more active than K35NH under these conditions. At salt concentrations
higher than 2.0 M, K09H activity decreases steadily, but it is nevertheless 6.8 fold more active
than K35NH at 4.0 M NaCl.
This result shows that (at least) two catalytically different forms of MerA are represented
in the highly saline environment of Kebrit Deep. One is strongly inhibited by salt, while the other
is activated in a salt dependent manner. The intracellular KCl concentration in microorganisms
that utilize the salt in approach has been estimated to be around 4.0 M [122, 128]. It could be
argued then that K09H, because it has its maximum activity at 2.0 M not 4.0 M NaCl, could not
support the detoxification process in a salt in organism. However, it is important to note that MerA
K09H retains considerably more activity in 4.0 M salt than K35NH, which is virtually inactive
under the same conditions. The specific activity of K09H at 4.0 M NaCl is 8.9 µmole NADPH
oxidized per min per mg of enzyme, which is most probably enough to support Hg2+ detoxification
via reduction in vivo at 4 M NaCl. The structures and responses of these two orthologs to salt
concentration indicate that they probably evolved in microorganisms that exploit distinct
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approaches to cope with their hypersaline environments, with K09H utilizing the salt in strategy
and K35NH the salt out mode
It is important to note that the 28 Kebrit MerA sequences reported in this work were
generated from clones selected randomly from our PCR based MerA metagenomic library. Just
one clone, K09H, showed a halophilic signature prevalence of acidic amino acids at the expense
of hydrophobic residues and is activated by salt, while the other 27 sequences, including K35NH,
have no halophilic signature and K35NH is inhibited by NaCl. These results may imply that the
population of microorganisms utilizing the salt in approach is about 3 to 4 % (one in each 28
sequences), while the vast majority of the microorganisms living in the Kebrit brine environment
utilize the salt out approach. In agreement with our observation, the low incidence of utilization of
the salt in approach in halophilic microorganisms was previously reported, and was correlated with
the energetic requirement of each strategy [31]. Despite the relatively low energetic requirement
for the salt in compared with salt out approach, microorganisms that utilize the salt out mechanism
predominate in halophilic environments [31].
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Figure 15: Effect of NaCl concentration on the activity of K35NH and K09H.
The enzymes were assayed in reaction mixture containing the indicated concentration of NaCl. For
details of the assay, see Experimental Procedures.
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VII) Effects of high temperature on the activities of MerA K09H and its ortholog
K35NH
To determine if the amino acid differences between K09H and K35NH affect their response
to temperature, we separately incubated the purified enzymes at various temperatures for 10 min
and then measured their thermal stability as mentioned in the Experimental section. To our
surprise, although there are 38 amino acid difference between the two isoforms that affected their
activation by salt dramatically both enzymes were found to be thermostable, as they have showed
> 80% thermal stability at 60 oC (Fig.16). Although, our sampled locations Kebrit Brine (1490m)
with temperature of 23.4°C, a recent body of literature supports the hypothesis that microbial
resistance to Hg evolved in geothermal environments. As the origin of the evolutionary genetic
adaptation of the mer system is considered anonymous; it has been theorized that it has originated
and evolved in geothermal environments when exposed to natural source of mercury, like other
metal resistance systems According to Vetriani et al., 2005, thermophilicity is a part of
evolutionary genetic adaptation to geothermal environments, as the optimal temperature for
activity of MerA of Tn501 was 55–65oC, 20oC higher than the optimal growth temperature of the
mesophilic that commonly carry Tn501 [108, 111]. We calculated the GC content of the 28 MerA
sequence identified in Kebrit Deep, the 28 sequences have showed high GC content of
approximately 65%. The 28 sequences were compared to E. coli mercuric reductase variants, a
thermostable with 65% GC content and a mesophile with 45% (Table 2). So probably, MerA of
Kebrit Deep represent the thermostable variant evident by the high GC content. With the frequency
of whole genome sequencing and increased availability of merA sequences that have allowed
intense analysis of gene evolution, further supported an origin and early evolution of Hg resistance
among thermophilic microbes from geothermal environments [153]. The fact that both MerA
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enzymes characterized in this work are originated from the kebrit deep, which is considered as a
mesophilic environment support the hypothesis that merA has originated from a geothermal
environment.

Figure16: Effects of temperature on the catalytic activities of K09H and K35NH MerAs
K09H and K35NH MerAs were incubated at the indicated temperature for 10 min and the residual
enzymatic activities were assayed under standard conditions. Experiments were made in triplicate
and the results standard deviation.
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Table 2: GC% of 28 merA sequences amplified from Kebrit Deep in comparison with E.coli
merA varients (genbank Accession: WP_000281123 and AAU45402.1)
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VIII) Structural and salt activation differences between K09H and ATII -LCL
The profile of the salt dependent activation of K09H differs somewhat from that of the
halophilic. MerA ATII-LCL reported previously from the Atlantis II brine pool [1]. Although both
enzymes are activated by salt, MerA K09H reaches its maximum activity at 2.0 M NaCl, while the
metagenome derived MerA ATII-LCL displays maximum activity at 4.0 M NaCl [1]. Interestingly,
although the orthologous enzymes ATII-LCL and K09H are activated in a salt concentration
dependent manner, the amino acid substitutions that differentiate them from the salt sensitive
isoform K35NH are quite distinct from each other. Indeed, none of them is shared by both proteins
(compare substitutions highlighted in red (K09NH) and green (ATII-LCL) in Figure 8. What the
two halophilic orthologs do have in common in this context is the functional classification of the
substitutions that distinguish them from the non-halophilic ortholog K35NH, which result in an
increase in acidic amino acids and a decrease in the nonpolar aliphatic side chains (Fig. 17). As
mentioned above, this feature is characteristic of enzymes that are stable and catalytically active
at high salt concentration [121, 134]. Furthermore, ATII-LCL has substantially more of both
categories of amino acids than K09H (Fig. 17). The relative increase of these critical amino acids
in ATII-LCL, relative to K09H, may account for the stability of the former enzyme at 4.0 M NaCl.
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Figure17: Profile of gains and losses of amino acids belonging to the indicated functional
class in K09H and ATII-LCL relative to K35NH.
The data for K09H were obtained from Fig. 9B, while those for ATII-LCL are taken from Sayed
et al.[1].
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IX)

Comparison of the kinetic parameters of K09H and K35NH MerAs
To analyze the effect of the amino acid difference between K09H and K35NH on the

properties of the enzymes, we determined their kinetic parameters for HgCl2 as a substrate (Table
3). The kinetic parameters: Km, kcat, Kcat/Km, and Vmax are presented in Table 3. The result
show while the specific activity, Vmax and Kcat are higher in K09 compared to K35 both enzyme
show the same substrate affinity. The K35NH showed the highest km for Hg2+ of 10.6 μM
compared to 8.38 μM and 5.94 μM for K09H and ATII-LCL respectively.
The kinetic results of both (K09H and K35NH) were compared with the kinetic results of
ATII-LCL MerA The lowest Km value observed in ATII-LCL translates to the highest overall
catalytic efficiency (Kcat/Km) followed by K09H then K35NH. As mentioned before K09H and
ATII-LCL share the signature typical of halophilic proteins in general, a greater proportion of
acidic amino acids and relatively fewer hydrophobic side chains, which is missing in K35NH.
According to Sayed et al., 2014, mutation of the amino acid, responsible for ATII-LCL
thermostability did not alter either the Km or the Kcat of the mutants, however mutational
experiments of the acidic residues responsible for AT-II MerA halophilicity have caused changes
in the Km and Kcat compared to the wild type [1]. So as a result, the halophilic signature justifies
the superiority of ATII-LCL and K09H over K35NH regarding the kinetic parameters. All the
kinetics were measured at salt concentration that offered the highest activity for the enzyme (Table
3).
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Table 3: Kinetic parameters of K09H, K35NH and ATII-LCL.

Kinetic parameters were measured at the NaCl concentration that gave maximum activity for the
respective enzyme. ATII-LCL parameters were taken from Sayed et al; 2014 [1]
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X)

Distribution of amino acid substitutions in the three dimensional structure
of K09H
The K09H catalytic core and its N-terminal domain sequences were subjected to homology

modeling against Tn501 MerA [146, 147]. The model presented in Fig. 18 shows the identical
monomers (Fig. 18A; and the homodimeric structure of the enzyme (Fig. 18B). The 3D structure
of the 25 residue linker (positions 70 to 95, boxed in Fig. 8) that connect the N-terminal domain
with the catalytic core has not been determined and is not included in Fig. 18. MerA has five βstrands (overlined in blue in Fig. 8, see also Fig. 19) within its dimerization domain (underlined in
black Fig.8) which is preserved in the family of homodimeric pyridine nucleotide disulfide
oxidoreductases [154]. It is interesting to note that all the substitutions observed in K09H are
located outside of this domain (Fig. 18A and B). A plausible explanation for this observation is
the fact that MerA functions as a dimer, in which the cysteine pair 558/559 in one subunit binds
Hg2+ and transfers the ion to cysteines 136/141 in the active site of the other subunit [70, 148].
Spontaneous mutations in the dimerization domain may then interfere with the dimerization
process and may result in a defective enzyme and defective detoxification process of Hg2+. In
environments in which levels of mercury are high, microorganisms harboring such mutations will
be subject to negative selection.
The amino acid substitutions that located on the surface of the dimer are also shown in Fig.
18C. Of the 38 found in K09H, 10 are located within the 25 residue stretch that connects the
NmerA domain with the catalytic domain.The remaining 28 substitutions map to the NmerA and
catalytic domains, and 26 were found to be located on the surface of the enzyme. The two that are
buried in the molecule are Val219 and Ile298. Based on the homology model, none of the 28 amino
acid substitutions in the NmerA and catalytic domains are in a position to form ionic bonds. So
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most probably, the stability and activation conferred on K09H in high salt concentrations is due to
the decrease in the total area of the hydrophobic contact surface [155].
This work highlights several aspects of the molecular evoltion of mercuric reductases in
microbial communities that live in two hypersaline brine pools, Kebrit and AtlantisII, in the Red
Sea; both of which exhibit high levels of mercury salts. The results show that two catalytically and
structurally different isoforms of MerA occur at Kebrit Deep. One is inhibited, the other activated
by elevated concentrations of NaCl. These two isoforms are most probably expressed by
microorganisms that use the salt out and the salt in mechanisms respectively, to survive in their
hypersaline environments. The result also indicates that if the abundance of these different
isoforms can be associated with the approach used by microorganisms to live in high salt
environment, the salt-out approach is the one preferentially adapted evolutionary to prevail.
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Figure18: 3D structure homology modeling of the homodimer K09H based on Tn501 MerA.
Modeling of the N-terminal and catalytic domains of MerA K09H is based on the Tn501enzyme
[31, 32] and was performed as described in Experimental Procedures. Panel A shows a ribbon
diagram of the 3D structure of the two identical subunits, while panel B presents the homodimer
ribbon model, in which the two subunits interact via their dimerization domains. Panel C shows
the space filing model of the homodimer shown in B. Yellow spheres represent the sulfur atoms
of the cysteines that participate in Hg2+ binding and reduction; amino acids shown in purple in
panels A and B are those that substitute for the residues in corresponding positions in K35NH,
while the purple amino acids in the space filling model are those that are found on the surface of
the molecule. In panels A-C the model is viewed from the front. The top view of the 3D model is
shown in Fig. 20. The five antiparallel β-sheets present in the dimerization domain are shown in
Figure 19. None of the available structures includes the 25 residues that link the N-terminal domain
to the catalytic domain (boxed in Fig. 12).
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Figure 19: Locations of the β-strand structures present in the dimerization domain
The five antiparallel β-sheet structures present in the dimerization domain are circled with
discontinuous red lines in the monomer shown in the diagram on the right. Magnified views of each
of the five antiparallel β-sheet structures are shown on the left. For details refer to Figure 17 and
Experimental Procedures

65

Figure 20: 3D structure homology modeling of the homodimer K09H:
Panel A shows the top view of the homodimer ribbon model, while panel B shows the space filing
model of the homodimer. Yellow spheres represent the cysteine amino acids that participate in
Hg2+ binding and reduction; amino acids shown in purple in panel A replace the corresponding
residues in K35NH, while the purple amino acids in the space filling model (panel B) are located
on the surface of the molecule. For details refer to Figure 8 and 18 and Experimental Procedures.
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CHAPTER 4: CONCLUSION
Red Sea Kebrit Brine possess unique environmental conditions, characterized by high
salinity 4 M, temperature 23.4°C, elevated concentration of heavy metals, extream hyboxic
condition, and high hydrostatic pressure Studing two structurally homologous but catalytically
distinct metagenomic mercuric reductases from the Kebrit Deep brine in the Red See highlights
the molecular adaptations that enable microorganisms to cope simultaneously with extreme
salinity and high levels of mercury. One is inhibited, the other activated by elevated concentrations
of NaCl. These two isoforms are most probably expressed by microorganisms that use the salt out
and the salt in mechanisms, to survive in their hypersaline environments. The result also indicates
that if the abundance of these different isoforms can be associated with the approach used by
microorganisms to live in high salt environment, the salt-out approach is the one preferentially
adapted evolutionary to prevail. However, in the salt-dependent form, distinct amino-acid
substitutions are found in areas that are critical for stability in high salt. The work provides insights
into how two environmental stressors have shaped the structure of orthologous enzymes through
selection and adaptation, enabling them to retain their catalytic function in two very different
cellular contexts.These molecular and catalytic features of K09H indicate that the enzyme has a
potential for many industrial and bioremediation applications
The Red Sea is singular among all other world’s seas because it has some of the most
“saltiest and hottest” waters [156] . Around twenty-five brine pools were identified in the bottom
of the Red Sea. These environments are hyper-saline, under huge hydrostatic pressure, anoxic, and
highly concentrated in heavy metal [154, 156]. Microbes dwelling in these habitats can be amongst
the most diverse and exotic in their characteristics and consequently their physiological and
biochemical processes have to adapt to this duress [157, 158]. Therefore, mining for novel
67

biocatalysts like mercuric reducatses in this exotic environment is attractive and may provide a
plenty of versatile enzymes possessing temperature-resistance, salt-tolerance, pH-plasticity, uninhibition by heavy toxic metals and thus they would be potentially suited for many industrial and
bioremediation applications [159].
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Figure 6: (1 out of 5)

78

Figure 6: (2 out of 5)
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Figure 6: (3 out of 5)
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Figure 6: (4 out of 5)
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Figure 6: (5 out of 5)

Figure 21: Multiple sequence alignment of non-redundant MerA clones. of Kebrit Deep.
Multiple sequence alignment of 28 non redundant sequences obtained from randomly selected
clones from the Kebrit environmental metagenome MerA gene library. All MerA sequences are
compared to K35NH. Dots refere to amino acids that are identical with K35NH, while those
highlighted in red difere from K35NH.
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